To evaluate the role of chronic cerebral lactic acidosis in mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS). Methods: The authors studied 91 individuals from 34 families with MELAS and the A3243G point mutation and 15 individuals from two families with myoclonus epilepsy and ragged red fibers (MERRF) and the A8344G mutation. Subjects were divided into four groups. Paternal relatives were studied as controls (Group 1). The maternally related subjects were divided clinically into three groups: asymptomatic (no clinical evidence of neurologic disease) (Group 2), oligosymptomatic (neurologic symptoms but without the full clinical picture of MELAS or MERRF) (Group 3), and symptomatic (fulfilling MELAS or MERRF criteria) (Group 4). The authors performed a standardized neurologic examination, neuropsychological testing, MRS, and leukocyte DNA analysis in all subjects. Results: The symptomatic and oligosymptomatic MELAS subjects had significantly higher ventricular lactate than the other groups. There was a significant correlation between degree of neuropsychological and neurologic impairment and cerebral lactic acidosis as estimated by ventricular MRS lactate levels. Conclusions: High levels of ventricular lactate, the brain spectroscopic signature of MELAS, are associated with more severe neurologic impairment.
Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) includes in its definition 1) encephalopathy, frequently with seizures and progressive dementia; 2) stroke-like episodes at a young age; and 3) biochemical or morphologic evidence for mitochondrial defects, such as lactic acidosis or ragged-red fibers (RRF) in the muscle biopsy.
1 Just 6 years after its first clinical description, an A-to-G transition at nucleotide (nt) 3243 in the mitochondrial DNA (mtDNA) tRNA Leu(UUR) gene was associated with the MELAS syndrome. 2 Another mitochondrial encephalopathy, myoclonus epilepsy and RRF (MERRF), was associated with an A83444G transition within a transfer RNA (tRNA Lys ), yet its phenotype is quite different and its prognosis is more favorable. 3, 4 Despite the progress in elucidating the genetic etiology of MELAS, its pathophysiology remains poorly understood. It has been suggested that the respiratory chain defect in MELAS disturbs the cerebral oxidationreduction potential. The elevated NADHϩH ϩ would in turn influence the reduction of pyruvate in glial cells and the oxidation of lactate by neurons. Chronic lactic acidosis is expected to increase reducing equivalents. This would facilitate the anaerobic reaction from pyruvate to lactate in the glial cell, but would oppose the re-oxidation of lactate to pyruvate in the neuron. 5 The neuron would thus be deprived of its principal fuel source. 5, 6 Several studies have suggested a more direct harmful effect of lactate on neurons. [7] [8] [9] [10] [11] [12] In animal models of ischemia, lactic acidosis increases the neuronal injury in the infarcted area. 13, 14 Impaired glucose homeostasis together with chronic cerebral lactic acidosis may also contribute to brain injury in MELAS given that diabetes mellitus is a frequent complication of the A3243G mutation. We hypothesized that 1) lactic acidosis can cause neuronal injury, 2) lactic acidosis may exacerbate ischemic brain damage, and 3) hyperglycemia can worsen lactic acidosis and ischemic brain damage. We sought to evaluate the role of chronic cerebral lactic acidosis in the pathogenesis of MELAS.
Methods. Subjects. We studied 91 individuals from 34 families. In each family, the proband had been diagnosed with MELAS. Fifteen individuals from two families with MERRF and the A8344G mutation were studied as disease controls. In addition to the probands, we studied matrilineal and paternal relatives. Subjects were divided into four groups according to their relationship to the proband and their clinical symptomatology: 11 paternal relatives from A3243G and A8344G families were studied as controls (Group 1). The matrilineal relatives were divided into three clinical groups: asymptomatic (no clinical evidence of neurologic disease) (Group 2, n ϭ 33 for MELAS and n ϭ 3 for MERRF); oligosymptomatic (neurologic symptoms but without the full clinical picture of MELAS or MERRF) (Group 3, n ϭ 20 for MELAS and n ϭ 4 for MERRF); and symptomatic (fulfilling MELAS or MERRF diagnostic criteria) (Group 4, n ϭ 30 for MELAS and n ϭ 5 for MERRF). The A3243G carriers were younger than the A8344G carriers studied (table). All subjects underwent a comprehensive evaluation, including standardized medical and neurologic history and examination, a neuropsychological test battery, and estimation of brain and ventricular lactate by MRS. The MELAS probands were evaluated no earlier than 3 months after a stroke-like episode and during a period of neurologic stability and in the absence of concurrent, active medical disease.
MRS. Following T1-weighted localizer images, multislice proton MRS was performed on each subject using a previously described method. 15 The data analyzed in this study were obtained from two 15-mm axial-oblique brain sections. The lower of the two slices traversed and encompassed the bodies of the lateral ventricles. The following acquisition sequences were used: echo time/ repetition time 280/2300 msec, field of view 240 mm, 32 x 32 phase-encoding steps with circular k-space, and 256 sample points. The strong pericranial lipid resonances were suppressed using octagonally tailored outer volume presaturation pulses. Because there are no neuronal structures in the lateral ventricles, the levels of N-acetylaspartate, creatine, and choline are expected to be undetectable. The lactate peaks are therefore quantitated as ratio of the lactate signal area over the mean square root of the background noise. 16 Figure 1 demonstrates exemplary MRS studies of three subjects from A3243G families.
Neurologic examination.
A new, quantitative tool was developed to summarize the clinical evaluations of patients with mitochondrial disease. The tool focuses on physical findings to complement the extensive neuropsychological testing and to capture the following domains: 1) height, weight, and head circumference; 2) general medical examination; 3) general neurologic examination; 4) cranial nerves; 5) stance and gait; 6) involuntary movements; 7) sensation; 8) cerebellar function; 9) muscle bulk, tone, and strength; 10) myotatic reflexes; 11) Babinski signs; and 12) other findings. Results of these domains were scored as normal or abnormal and summarized in the Clinical Neurologic Score (CNS), ranging from 0 to76, with 76 being normal. The CNS is clear, easily administered, and has good inter-rater reliability in a subset of 10 subjects who were evaluated by the two principal neurologists, D.C.D. and P.K., on the same day (kappa ϭ 0.95).
Neuropsychological testing. Areas of cognitive function were assessed with a brief global mental status examination and specific tests to assess the following domains: abstract reasoning, verbal memory, visual memory, language (consisting of naming and fluency), executive function, attention, and visual-spatial abil- Values are mean Ϯ SD. The paternal, noncarrier controls from all families were analyzed together. ities. Each domain was evaluated using standard tests appropriate to the age of the patient. Each test of the neuropsychological battery was scored according to standard guidelines. Individual domain scores were expressed as percentile of normative data and a global mean score was derived by dividing the individual domain results by the number of domains.
Table Columbia Neurological Score (CNS), global neuropsychological score (GNP), MRS ventricular lactate estimates (MRS Lac, in institutional units), venous lactate (V Lac, in mM/L), age (in years), and fasting glucose (Gluc, in mg/dL) in families harboring the A3243G mutation and the A8344G mutation

Figure 1. T1-weighted MR brain images at the level of the lateral ventricles for three subjects: on the left, a fully symptomatic mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) proband
Laboratory studies. The mitochondrial DNA point mutation was confirmed by leukocyte DNA studies and we analyzed the relative amount of mitochondrial genomes containing the A3243G or A8344G mutation. Total DNA was extracted according to published protocols and PCR amplification and restriction fragment length polymorphism (RFLP) analysis of total DNA extracted from leukocytes was performed. Appropriate primers and restriction enzymes were chosen to detect the A3243G 17 or the A8344G 18 mutations. Venous lactate and fasting glucose were measured according to standard methods in the Clinical Chemistry Laboratory of Columbia Presbyterian Medical Center. The normal ranges established in this laboratory are 0.5 to 2.2 mM/L for venous lactate and 70 to 105 mg/dL for fasting blood glucose.
Results. Mutation analysis. Thirty-four families had the A3243G mutation. Two families harbored the A8344G mutation. Mutations were found in leukocyte DNA of all probands (Group 4). Mutations were also detected in 16 of 20 oligosymptomatic MELAS relatives, 21 of 33 asymptomatic MELAS relatives, 4 of 5 oligosymptomatic MERRF relatives, and 2 of 3 asymptomatic MERRF relatives. Eleven paternal relatives from MELAS and MERRF families were studied as controls and the mutations were not found (Group 1). In mutation carriers, there was no significant correlation between the relative amount of mutated mitochondrial genomes and MRS ventricular lactate estimates (r ϭ 0.278 with p ϭ 0.051 for A32343G carriers, and r ϭ 0.071 with p ϭ 0.86 for A8344G carriers).
Comparing MELAS and MERRF probands. The MELAS probands had higher ventricular lactate estimates on MRS than the MERRF probands (t ϭ 2.368, p Ͻ 0.05) (see the table). The MELAS probands also showed lower scores on formal neuropsychological testing than the MERRF probands (t ϭ 4.307, p Ͻ 0.001). The mean score for the degree of impairment on neurologic examination (as measured using the CNS instrument) was lower for the MERRF probands, but there was no significant difference between the MERRF and MELAS groups.
Clinical analysis of A3243G mutation carriers. Within the MELAS/A3243G families, the CNS score was progressively lower in asymptomatic, oligosymptomatic, and fully symptomatic mutation carriers. There was an overall difference between groups by analysis of variance (ANOVA) (F ϭ 25.243, p Ͻ 0.001) and a difference for all pairwise group comparisons except between the asymptomatic and control groups by Bonferroni-t-test (p Ͻ 0.05). There was a similar progressive worsening of neuropsychological impairment in asymptomatic, oligosymptomatic, and symptomatic A3243G mutation carriers. Comparing the groups by ANOVA, there was an overall difference between groups (F ϭ 25.089, p Ͻ 0.001), and a difference of means comparing symptomatic individuals with all other groups (p Ͻ 0.05, Bonferroni-t-test).
Venous lactate in A3243 mutation carriers. Venous lactate was elevated in the symptomatic and oligosymptomatic A3243G carriers when compared to controls (ANOVA, F ϭ 9.98, p Ͻ 0.01). Venous and ventricular lactate were associated in A3243G mutation carriers (r ϭ 0.41, p Ͻ 0.01). However, in 30 of 81 (37%) mutation carriers, the results were not concordant (i.e., 12/30 symptomatic subjects, 10/19 oligosymptomatic subjects, and 9/32 asymptomatic subjects had abnormal results on one test, but not on the other).
The mean fasting blood glucose was elevated in symptomatic and oligosymptomatic A3243G mutation carriers when compared to the asymptomatic and control groups, but the difference was not significant. There was a weak correlation between fasting glucose (mg/dL) and ventricular lactate (MRS, r ϭ 0.32, p Ͻ 0.01), and between fasting blood sugar (mg/dL) and venous lactate (mM/L, r ϭ 0.51, p Ͻ 0.01).
There was no correlation between fasting glucose (mg/ dL) and 1) daily living functional abilities (Karnofsky score, r ϭ Ϫ0.15, p ϭ 0.2), 2) neurologic examination (CNS, r ϭ Ϫ0.13, p ϭ 0.3), or 3) neuropsychological performance score (r ϭ 0.11, p ϭ 0.4).
MRS ventricular lactate within MELAS/A3243G and MERRF/A8344G families.
The MRS ventricular lactate differed significantly between groups, with lactate estimates rising from asymptomatic to oligosymptomatic and to symptomatic A3243G mutation carriers. Figure 1 demonstrates an abnormal MRI of the brain in a fully symptomatic A3243G mutation carrier and the associated MR spectra from a voxel over the cerebral gray matter and over the lateral ventricular fluid. The oligosymptomatic mutation carrier from the same family has a normal MR imaging study, but abnormal MR spectra. The overall difference of ventricular lactate between clinical groups was significant (F ϭ 24.043, p Ͻ 0.001) and so were the pairwise comparisons between the following groups: control and oligosymptomatic, asymptomatic and oligosymptomatic, control and symptomatic, asymptomatic and symptomatic (Groups 1 and 2 vs 3, Groups 1 and 2 vs 4) (p Ͻ 0.05) (figure 2).
We noted a linear correlation between CNS and MRS ventricular lactate with r ϭ Ϫ0.433 in matrilinear A3243G subjects (p Ͻ 0.001) ( figure 3A) . We also identified a correlation between neuropsychological mean score and MRS
Figure 2. MRS ventricular lactate (expressed in institutional units [i.u.], mean Ϯ SEM in institutional units) by clinical group in MELAS/3243 families.
ventricular lactate values with r ϭ 0.439 (p Ͻ 0.001) in matrilinear A3243G subjects ( figure 3B) .
Within MERRF families, the ventricular lactate ratings of clinical groups did not show a significant difference, but there was a trend toward higher lactate values in more symptomatic individuals (see the table).
Discussion. Our data indicate that neuronal dysfunction correlates with cerebral lactic acidosis in families harboring the MELAS/A3243G mutation. Heteroplasmy and mitotic segregation can lead to mutated DNA levels below the detection threshold in leukocyte DNA. However, even in cases with undetectable mutation in lymphocytes, our pedigree analysis suggests that these maternal relatives are obligate carriers. Furthermore, we have confirmed the presence of mutated mtDNA in most maternal relatives studying additional tissues, such as urine sediment, fibroblasts, buccal mucosa cells, and hair follicles. 19 A previous report had suggested that MRS brain lactate was linearly related to the relative amount of mutated mitochondrial genomes (calculated as average of several tissues). 20 In our sample, we did not find a significant relationship between MRS ventricular lactate and the relative amount of mutated mitochondrial genomes in leukocyte DNA. This may be due in part to the fact that the amount of mutated mitochondrial genomes in leukocytes differs from that in brain tissue because mtDNA are randomly distributed at cell division. We are collecting additional tissues from mutation carriers to further study the relationship between the amount and distribution of mutated mtDNA and phenotypic expression. 19 To assess the functional impact of neuronal injury, we used quantitative measures of neurologic and cognitive impairment. We believe that the neuropsychological and neurologic deficits measured by our instruments are not merely the consequences of stroke-like episodes because differences were found not only between patients with or without clinical CNS involvement (i.e., history of seizures or strokes), but also between individuals and groups without clinical CNS involvement.
It has been suggested that the A3243G mutation causes a progressive encephalopathy with dementia. 21 The course of this progressive encephalopathy is punctuated by mostly posterior stroke-like events causing episodic deficits with partial recovery and increasing disease burden. Our data support this notion and show that the progressive encephalopathy precedes the final stage of MELAS when mutation carriers become fully symptomatic and develop focal CNS involvement. Furthermore, the cerebral lactic acidosis correlates not only with the global neuropsychological score, but also with subscores measuring domains (e.g., frontal domains) that are not typically affected by the stroke-like insults of MELAS (which occur predominantly in posterior brain regions involved in visual processing). Cerebral lactic acidosis as estimated by MRS and venous lactate measurements is correlated in A3243G mutation carriers. However, since several subjects had elevated MRS brain lactate but normal venous lactate, we focused our analyses on MRS estimates, which would be expected to more closely reflect cerebral metabolism.
Our hypothesis is further strengthened by the comparison with disease controls. Even though the number of individuals harboring the MERRF/ A8344G mutation in our sample is relatively small, there is a significant difference in cerebral lactic acidosis and neuropsychological performance between MELAS and MERRF probands. The lack of a major difference in neurologic examination may be because our instrument (designed to supplement the neuropsychological testing) is largely directed toward the neuromuscular system, which is often more severely affected in MERRF patients. Both MELAS and MERRF are diseases caused by point mutations within mitochondrial transfer RNA, yet their phenotype and progression are very different. 22 MELAS is a more severe syndrome with younger onset and truncated course (mean survival from disease onset 6.5 years), often leading to severe disability and premature death within a few years of onset. MERRF, on the other hand, typically has a prolonged course with progressive disability, but a more normal life expectancy (no deaths in our cohort and a mean observation period from disease onset to assessment of 24.3 years). 4 It is difficult to explain such different clinical courses on the basis of the underlying molecular changes, since both tRNA mutations would be expected to interfere with mitochondrial transcription and protein synthesis.
We believe that the observed clinical and radiologic differences between the two syndromes are due to a distinctive metabolic consequence; namely, that MELAS typically causes significant cerebral lactic acidosis. As our data show, the lactic acidosis is present not only in probands during episodes of worsening, but also in oligosymptomatic mutation carriers. MERRF, on the other hand, is associated with minimal lactic acidosis. Our hypothesis that cerebral lactic acidosis plays a key role in neuronal injury in MELAS is supported by an extensive body of in vitro and animal experiments in the literature. First, lactic acidosis caused cell swelling and death in neuronal cultures in vitro. 7 Second, in neuronal and glial cultures cell death occurred at higher pH when the cells were subjected to lactic acidosis than when they were exposed to HCl, suggesting that the relatively higher cell membrane permeability of lactic acid may contribute to its toxicity. 8, 9 Third, cultured hippocampal rat neurons exposed to moderate lactic acidosis for 10 minutes showed neurodegeneration. 10 Fourth, dripping lactic acid onto the surgically exposed spinal cord of adult male rats caused severe necrotizing myelopathy, with an early effect on small blood vessel walls followed by nerve fiber alterations. 11 Fifth, in rats, lactate injections into the parietal cortex produced brain necrosis when the pH was less than or equal to 5.3.
12
Studies of experimental incomplete cerebral ischemia models suggest that lower intracellular pH and impaired mitochondrial function are related to greater infarct volume, 13 and that lactic acidosis prevents normalization of cortical energy metabolism as estimated from concentrations of phosphocreatine, ATP, ADP, and AMP.
14 This apparent exacerbation of ischemic injury may be particularly deleterious in MELAS. Even though most studies underscore the pathogenic importance of primary metabolic failure over vascular insufficiency, the controversy between vascular and metabolic hypotheses in MELAS remains open. This is mainly due to the evidence of histologic and histochemical mitochondrial changes in small blood vessel walls of MELAS. [23] [24] [25] Impaired glucose homeostasis may also contribute, together with lactic acidosis, to brain injury in MELAS. This is of great clinical significance and may in part explain the severity of phenotypes associated with A3243G, given that diabetes occurred in 15% of A3243G carriers, but only in 3% of A8344G carriers in a meta-analysis of 245 individuals. 22 Neuronal injury was aggravated in a rat model of severe incomplete ischemia in the presence of excessive tissue lactic acidosis due to glucose pretreatment. 26 Similarly, hyperglycemia exacerbated the neuronal injury in a rat cerebral ischemia model, possibly because the accumulation of glycolytically derived lactate caused acidosis. 27 However, the role of acidosis in neuronal injury is controversial and there are in vitro observations suggesting that acidosis may ameliorate neuronal injury caused by glutamate and anoxia. 28 Also, lactic acidosis at pH 7.3 did not produce neuronal damage and the deleterious effects of lactate injected into the cortices of animals were conditional on coexisting low pH. 29 Our study shows a strong association between clinical phenotype and cerebral lactic acidosis in MELAS and may provide some insight into the differences in clinical courses between MELAS and MERRF. In MELAS, neuronal dysfunction and lactic acidosis are likely due to the underlying disease process. The critical question to be answered is whether there is a causal relationship between elevated brain lactate and neuronal injury. In an attempt to address this question, we are currently investigating the efficacy of dichloroacetate, an experimental lactate-lowering agent, in mitigating the clinical progression of MELAS.
